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PHYSICS MODELING OF TANDEM MIRROR DEVICES WITH
HIGH-F IELD TEST CELL INSERTS

M. E. Fenstermacher¥*
R. B. Campbell*
TRW Inc.
Redondo Beach, CA 90278

ABSTRACT

Recently developed plasma physics models of tandem mirror operation with
a high-field technology test cell insert in the central cell are described in
detail. These models have been incorporated in the TMRBAR tandem mirror
reactor physics code. Results of a benchmark case for the code models against
previous analysis of the MFTF-a+T configuration are given. A brief users
guide to the new TMRBAR with the test cell models is also presented. Some
description of the applications of the models to MFTF-q+T and FPD-II+T
configurations is made. References are given to separate reports on these

studies.

*On assignment to Lawrence Livermore National Laboratory, Livermore, CA 94550.



NOMENCLATURE

The following is a brief 1ist of the frequently used variables in the
test cell models.

Variable

Variable Name Unit Description

ny ENMHOTO e HOT ion density

¥ ENHOTSTR  cm™3 HOT* ion density

EH EMHOTBAR kev HOT ion average energy

Eﬁ EMSTRBAR keV HOT* von average energy

-3 .

ne ENC cm COLD 1on density

TC TC keV COLD 1on temperature

Tec TECU keV electron temperature

(m)PC ENTAUPC cm3s particle confinement parameter in test cell
(rrr)PCC ENTAUPCC cm3s particle confinement parameter for HOT*

in central cell

Vm VMOD cmj test cell volume

Lm,eff ELMOD cm test cell n¢ effective length

rmod RMOD test cell plasma radius

) -19

q ECHARGE kd/keV electronic charge = 1.602 x 10 kd/ keV
®m0 PHIMO kV test cell potential above $e

BmO,vac BMOVAC T test cell vacuum midplane field

mm, vac BMMVAC T test cel’ peak field
8"0 BETAMO - test cell midplane peak beta
EINJ E INIM keV test cell neutral beam average injection

energy



Nomenclature for central cell and end cell variables will follow
Ref. 1. Default units used throughout this report are as follows:

Quantity Unit
Density cm 3
Temperature, energy keV
Potential kV
Magnetic field T
Length, radius (etc.) cm
Volunie cm3



1. INTRODUCTION

The purpose of this report is to document models of tandem mirror
operation with high-field, beam-driven technology test-cell inserts, which
have been developed recently at LLNL. The models have been incorporated in
the TMRBAR tandem mirror reactor physics code.(1:
obtained only for devices with MARS-type double yin-yang end cells though the
test cell models are not restricted to devices of this type.

A high-field beam driven test cell inserted in the central cell ot a
tandem mirror device can be used to do integratec technology testing of fusion

reactor components (blankets, shields, structura components etc.) in a fusion

So far resuits have been

environment. Reactor 1ike conditions (high wall loading and fusion power
density) are achieved in the test cell region by injecting large currents of
mixed deuterijum-tritium neutral beams. When test cell operation is proposed
as an upgrade of an existing tandem mirror device which has been designed for
high-Q operation with good axial plugging, it is desirable that the required
moaifications of the end cell systems be kept to a minimum to reduce the cost
of the upgrade. In these cases, steady state is obtained by adjusting the
axial potential profile to reduce the axial confinement thereby providing a
loss channel for the injected beam current.

This report will serve both as a reference to the physics models of the
test-cell operation and as a users guide %o the upgraded TMRBAR code.
Improvements in the TMRBAR models of devices without test-cell inserts which
have been made since the writing of Ref. ! will ve given in a separate

2) Applications of the test cell models to MFTF-g+T and the FPD-1I+T
(3,4)

report.(
devices have been presented in detail elsewhere anu will be described
only briefly here.

The remainder of this report is organized as follows: Section 2 gives
an overview of the mathematical approach to modeling test-cell operation. The
detailed equations for the test-cell models are given in Sec. 3. The changes
in the equations for the central cell and end cell models which are required
when the test cell is aaded to the device are presented in Sec. 4. Section 5
gives several auxiliary models used to complete the device description. A

brief users guide to the upgraded TMRBAR code i< presented in Sec. 6 followed



by results from a benchmark case for the code in Sec. 7. A summary of the
work including conclusions and areas for future work is given in Sec. 8.

2. MATHEMATICAL APPROACH

The TMRBAR models of tandem mirror physics have been upgraded to include
test-cell physics by adding energy and particle balances of the plasma ions
for a cardinal point at the midplane of the test cell. The ion and electron
balances for the remainder of the device have been modified to include test-
cell effects. The test cell is treated as a separate subsystem of the device
similar to the way in which the end cells are treated. The self-consistent
potential for the test-cell cardinal point relative to the potential in the
remainder of the central cell is calculated from a quasi-neutrality
conaition. Typical potential and magnetic fiela profiles for devices with
test-cell inserts are shown in Fig. 1.

The velocity space for ions at the midplane of the test cell is
illustrated in Fig. 2. Three classes of ions can be identified. HOT jons are
those which are mirror trapped between the test-cell peak mirror fielas. HOT*
ions are those with pitch angle and energy such that they are not mirror
trapped in the test cell but remain trapped by the central cell peak choke-
coil fielas. COLD ions are assumed to form a Maxwellian distribution in the
central cell region. Part of this population passes the choke coil point into
the end cell region and is electrostatically confined by the potential peak in
the plug. The remainder is mirror trapped in the central cell. To further
aistinguish the HOT* population from that part of the COLD distribution which
remains in the central cell, the specification is made that the HOT* jon
carries sufficient energy that if it pitch angle scatters at fixed energy into
the loss cone for the central cell mirror, it is not confined by the
electrostatic plugging potential and is lost axially from the device.

Particle and energy balances for the HOT and HOT* ions have been modeled
using modified Logan-Rensink plug mode]s(5’6) for beam ions injected into a
magnetic trap with a potential. Particle flow across the boundaries in Fig. 2
and energy transfer from the hot populations to the background plasma are
included. In addition, a crude model of the convection of energy due to
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particles crossing the boundaries in velocity space at energies higher than
the COLD temperature has been developed. Finally, energy from hot fusion
alpnha particles slowing down in the test cell has been included in the ion and
electron energy balances.

3. TEST CELL MODEL EQUATIONS

Physics parameters for tandem mirror devices are calculated by the
TMRBAR code by solving N non-linear equations, describing the physical
processes in the central cell and end cells, in N independent physics
variables. To model test-cell operation, six additional equations in six new
independent variables have been added. The equations calculate test cell
beta, potential (relative to the central cell potential), and neutron wall
loading as well as describing the energy balance for the HOT particles ana the
particle and energy balances for the HOT* particles. The independent
variables used are the HOT and HOT* densities, test cell wall loading and

potential, and the HOT and HOT* average energies.

3.1. Midplane Beta

The equation for beta at the midplane of the test cell is

BmO = (TR11 + TR12 + TR13 + TR14 + TR15 + XX1 + XX2 + XX3)/DENOM (3.1)
where

0.8 n,E (3.2)

TR11 nEx

TR12

e ©XP (¢mO/TeC) TeC (3.3)

TR]3 = n.exp (-¢"0/TC) TC

TR4 = 2nCCa exp ('2¢m0/Ta,AVG) Ta,AVG (3.5)



TR15 = 0.735 nﬁ Eﬁ (3.6)

i} 10 = 3/2 2
XX1 = 8.3 x 10 <ov(EH)>H Tec YoT.a Fa,en ™ Men (3.7)
1 2 2
XX2 = 8.3 x 10 °<ov(1c)> 1pA UoT.a Ta.em [ &P (~6p0/T )1 /ngy
(3.8)

- 10 = +3/2 2
XX3 = 8.3 x 10" (ov By Tee. UnT.a Foa.em OB/ Nen (3.9)
and
Y _ 15 2
DENOM = BmO,VAC/2“ = 2.483 x 10 BmO,VAC (3.10)
The electron density in the central cell is given by
Noe = nc(1 + an) tonx (3.11)

and the concentration of thermal alpha ash in the central cell is defined as

C =n/n (3.12)
a o c

where n, is the thermal alpha density. The average alpha temperature is
given by

Toave = Ol + Gy + GBS (3.13)
where
C] =n /(nH + nﬁ + nC) (3.14)
CZ = nH/(nH + nﬁ + nc) (3.15)
= *
C3 nH/(nH + nﬁ + nc) (3.16)



In the hot alpha pressure terms [Eqs. (3.7) - (3.9)] the alpha birth energy
UDT,a = 3.52 MeV and fa am 1S the fraction of alpha energy given to

the electrons during slowing down (see Sec. 4). The electron density in the
test cell is given by

Nem = M + nﬁ * . exp (-¢mO/TC)

+ 2ncCa exp (-2¢nD/Ta,AVG) (3.17)

The reaction rate for mirror trapped ion distributions <ov(E)>H is described
in Sec. 5.2.

3.2. Potential

The potential at the test cell midplane relative to the central cell
potential is obtained from a quasi-neutrality condition of the form

lom = Mac €XP (¢m0/Tec) (3.18)

3.3. Hot Average Energy

The average energy of the HOT jons which are mirror trapped in the test
cell is obtained from a Logan-Rensink plug model(s’ﬁ) for beam injected ions

in a mirror magnetic field with a potential. The energy balance in this model
takes the form

gV
~.m%%@(m:ﬂ - TR32 - TR33 + TR34 + TR35 + TR36 - TR37) = 0 (3.19)

where

TR31 = n EL,HOT)/(nT)PC (3.20)

Hem (EINJ b

_ - 3
TR3Z = nyn_ (€, - 5 T )/ (nt)y, (3.21)

-10-



TR33 = o ne exp (-0.0/T.) [ - 3 T J/(n)c (3.22)
TR34 = %-;E-<§v(tg) i BT (3.23)
TR35 = 7 [n_ exp (-o.o/T )1 (ov(T.)) . (3.24)
TR36 = 7 () oV(EFDy EX %o (3.25)
TR37 = 1 E,/(q Vmop) (3.26)

The test cell plasma volume is

o
VoD = TTMOD m,eff (3.27)

where *MOD is the test cell plasma radius and

2
L n0 d (2) (3.28)
= 2z N
m,eff na test B(2)

cell

is the test cell n2-weighted effective length. Typically, nH(z) is not
available as a function of position and the effective length is taken to be
Lm,eff =~ 0.9 Leff where Leff = Bm0 S dz/B(z). The radial average of the
plasma density squared is given by

n? = Ty + DG 20 (3.29)

-11-



where y = 4 for a quartic profile. EINJ is the average injection energy of
the test cell neutral beam particles. The average loss energy for the HOT
particles is obtained from the Logan-Rensink model as

1.0 + (E /Eq ) (1p)
E = F ¢ "INJ'' R
ELoHoT  EINg TO ¥ xp (3.30)
where
= 3/2
CoasefFing) 19910 Rege) M0 A, o
TR— A ] E"- E_ Tn A, .
DT \ &€ n(Eryg/EL HoT) i
and
o]
"o T 2 S (3.32)
(R sin” @y - 1.0)
B VAC
n * o (3.33)
mO,VAC * 7 m0

where eINJ is the injection angle of the neutral beams and ADT = 2.5 amu. The
effective mirror ratio in the test cell is

2

R sin @

Rypr = — N (3.34)

10+ ono/Erng

and

Ac=5.7x10°T s/n (3.35)

el : ec’V'H .
/2
T F
_ 15 ec ~H
Ajs= 1.4 x 10 < - > (3.36)

-12-



The confinement parameter for HOT particles in the test cell is given by

-1

= 1.0 1.0
(mlec = foc | Tmer +T"T)e1] (3.37)
where the fast ion scattering time on the background ions is
= 12 — =3/2
and the slowing down time on electrons is
- 13 3/2 = —
(m)g; = 1.0 x 10 Apt Tec 0 (EINJ/EL,HOT)/M Nej (3.39)

The coefficient fPC is equal to 1.0 in the standard Logan-Rensink plug model.
However, this model was generated from Fokker-Planck results which assumed that
the loss cone in velocity space was empty. For HOT particles in the test cell
the loss cone is partially filled with HOT* and COLD particles so that the
confinement of the HOT's will be modified. Multi-region Fokker-P]anck(7)
results indicate that for typical MFTF-o+T parameters the confinement

parameter predicted by Eq. (3.37) may be at least 50% low. In addition, the
difference between the predictions of Eq. (3.37} (with fPC = 1.0) and the
recent Fokker-Planck results is sensitive to the plugging potential (relative
to the COLD ion temperature), the test cell injection energy and the COLD ion

density. Calibration of Eq. (3.37) over a range of these parameters remains

an important area of future work. The studies to date have used pr = 1.5,
The energy drag parameter for HOT's on electrons is
_ 13 3/¢
(nT)He = 1.0 x 10 ADT Toc /10 At (3.40)
where
Ay = 2.65 x 10T J/ne (3.41)
eH : ec’" H :
and the drag parameter for HOT's on COLD ions is
_ 11 7/ + T3/2
(nt)HC = 2.27 x 10 /ADT (TC + 0.8 EH) /1n Myc (3.42)

-13-



where

Ay = 77 (3.43)

The energy given to the HOT's due to alphas from COLD-COLD and HOT*-HOT*
fusion reactions slowing down in the test cell is given by

cC
B HoOT

EaahoT = UnT,a Fa, kot (3.44)

where

_ fa,im nH

f =
a,HOT = n,+ nf ¥ n_exp (-0’7 )

(3.45)

and f  ;, is the fraction of alpha energy given to ions in the test cell (see
Sec. 5). For HOT-HOT fusion reactions the energy of the reacting ions must be
subtracted to give

HH

Eu HoT = YT.a fa,nor - (90 + 2.0 B (3.46)

Finally, Eq. (3.26) gives the energy lost from the HOT population aue to
charge exchange events between beam particles and the plasma. The charge
exchange models are described in Sec. 5.1.

3.4. Wall Loading

The neutron wall loading in the test cell region is given by

4
Pre = '%r: Vyop En (TR4T + TRA2 + TR43)/(1.0 x 10" D) (3.47)

where

TRAT = 7 ng GV(ED, (3.48)

B —

-14-



TR42 = % [n_ exp (-¢"O/TC)]2 Gov(T ) (3.49)

TR43 = } (nﬁ)z (EvE D, (3.50)

D L (3.51)

VO Th FW bm,eff
and En = 14.1 MeV., The test cell first wall radius is

r = r + —————54 (3.52)

m,FW m BmO,VAC

i.e., two alpha Larmor radii larger than the radius of the plasma. The
reaction rates, <oV, for hot ions are described in Sec. 5.2.

3.5. HOT* Particle Balance

The density of the HOT* particles in the central cell is obtained from a
particle balance of the form

TR51 - TR53 - TR54 = 0 (3.53)
where

TRST = Cyx tHs M Pem Yoo/ (Mpe (3.54)

TR53 = nk Nec (VCC - VMOD)/(nT)PCC (3.55)

TR54 = & nom Vion/ (e (3.56)

The particle confinement parameter ("T)PCC for the HOT* ions is calculated from
a Logan-Rensink model for the HOT*. The complete model is described in the
next section. The coefficient CVX HHS gives the fraction of the HOT ions which

-15-



cross the loss boundary in Fig. 2 into the HOT* population. It is calculated
consistent with the flow of particles across the other boundaries in velocity
space in a separate model which is described in detail in Sec. 3.7. Typically
CVX,HHS is in the range 0.3 to 0.5.

3.6. HOT* Average Energy

The average energy of the HOT* population is obtained from a modified
Logan-Rensink plug model similar to that used for the HOT particles. In this
case, however, the relative potential is zero since the HOT*'s occupy the
central cell and the injection energy and angle must be calculated to
represent the particles which escape from the test cell into the HOT* class.
The energy balance takes the form

To5g (TR61 - TR62 - TRE3 - TRES - TRE6 + TREOT

+ TR602 + TR603 + TR604) = 0 (3.57)

where

TR61 = [nfi nee (Ve = Vop) * ™ "em Vmopd(ETNG * 00

- B hord/ (M (3.58)
TR6Z = nfi ng. ( cc VMOD)(—E-' % Tec)/(m)se (3.59)
TR66 = ng nem VMOD (Eﬁ-' g Tec)/(m)se (3.60)
TR63 = M N (V.. - Vyop) (EF, - 310/, (3.61)

-16-



TR65 = n¥ n_ exp‘(¥¢"0/Tc) VoD (—E --% TC)/(nT)SC (3
TR601 = %;:2:_<0V(TC)> Eq.x (Vee = Viop) (3.
TRE02 = 7 [N exp (6,0/T )% CoviT 0> EX"y Vg (3.
TR603 = 7 (n#)® (ov(EF Dy ey Ve (3.
TR604 = 7 (ny)® Cov(Eq Dy Ene Vyngp (3.

The average loss energy for the HOT*'s is calculated from a Logan-Rensink
model as

where

3/2
- 0-156<EfNJ> 10930 (Reee) 2 A,

R T — Zn A - (3
Mo \ ec " ( INJ/E_E,HOT) ”
- 2
RYee = RX sin” 875 (3.
- B cHokE (3
/T -8
c,vac c

-17-
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B vac”! - B¢ /¢
8fyg = arc sin g (3.71)

mm, v ac

The injection angle given by £q. (3.71) is precisely the angle at which
particles would be injected into the central cell (at the minimum field) so
that their turning points would be at the location of the peak test cell
field. In this way the Logan-Rensink model for the HOT* uses the particles
which are lost from the test cell as the beam source. The average beam energy
is given by

E* = (E

3
N -7 T ¢

¢ Cvx,He /Sy, HHs (3.72)

*
,HOT

where CVX,HC = 1.0 - CVX,HHS is the fraction of HOT particles crossing the
boungary into the COLD population (Sec. 3.7).
The confinement parameters are calculated as

-1

i 1.0 1.0
(ropee = fpec IGURRG (3.73)
where
_ 12 ~— ——3/2 .
()%, = 2.76 x 1014 /A 6% ogy ) (RE ) /an A%, (3.74)
_ 13 3/2 _
(m)%y = 1.0 x 107 Ay T2 gn (FET/EF op)/an A%, (3.75)
anad
1/2
A%, = 1.4 x1o]5(Tegk> (3.76)
11 n .
C
A%, = 5.7 x 105 T //n. 3.77
e ~ 2/ X ec/‘/"c (3.77)
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Multi-region Fokker-Planck results do not give a direct calibration of fp.(.

Typically fPCC has been taken equal to fPC in the studies so far
(Sec. 3.3). The energy confinement parameters are

13 3/2

(M) o= 1.0 x 107 App T /00 Agg (3.78)
_ Al = 3/2
(nT) = 2.27 x 107" /Ap; (T_+0.8 ER)™ “/an A (3.79)
where
A= 2.65 x 103 T_ /% (3.80)
es ' ec’’ 'H '
3.08 x 10" (1)1 + 0.8 EF)
A, = 2/ ¢ H (3.81)
sc a* o 172 :
< |
o o
Finally the alpha energy coefficients are given by
cc _
Ea,* = UDT,a fa,* (3.82)
cm HH m
Ea,* = Ea,* UDT,a fa,* (3.83)
and
Egt* = UDT,a fa,* - (90 + 2 Eﬁ) (3.84)
where the coefficients f * ana f J* give the fraction of alpha energy
transferred to the HOT*' in the centra] cell and test cell, respectively.
f . n*
fg * TN ¥ nx +aﬂ1"LXH 07T ) (3.85)
’ H H c BXP (=dy/le
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fa im nﬁ
fa,* ) nﬁ o (3.86)

and f_ . 1is described in Sec. 5.3.
a,im

3.7. Convection Model

Particles which cross the velocity space boundaries in Fig. 2 may enter
the new distribution at an energy higher than the average energy of that
distribution. In this way energy may be convected from one population to
another. To account for this, the net particle flow rates across the velocity
space boundaries must be calculated. These rates depend on the details of the
gradients in the distribution function at the boundaries, which are not yet
available from the multi-region Fokker-Planck studies. Models of the
fractions of particles flowing from each hot distribution across the
bounaaries into adjacent regions of velocity space are described below. When
the flow rates are available from the Fokker-Planck studies they can be used
to calibrate the models.

The fractions of HOT particles crossing the boundary into the HOT* and
COLD trapped distributions are calculated by assuming that the HOT distribution
is nearly Maxwellian centered about the injection point with average energy Eh
and density Nye Contours of the distribution function from the Fokker-Planck
results show that this is a good approximation. From this assumption the
number density of particles on the boundary is calculated. The Fokker-Planck
results also show that the slope of the distribution does not change
dramatically along the boundary. The relative fractions of particles crossing
into the COLD ana HOT* populations at any point on the boundary are taken to
be proportional to the density of particles at that point. Integrating over
the boundary gives the fraction of the total loss from the HOT to HOT* and
from the HOT to COLD distributions as

CVX,HHS = 1.0 - CVX,HC (3.87)

-20-



2.0 - erfc (X,) - erfc (XZH)

Cyx,He © 730 = erfc ()

" where

X.. = 3 E1ng . cos (8, - 0:y1)
1H - H INJ
pA EH

1/2 rImmas

1/2
30 3 INJ>
Xoy = = - cos (8, - B1n1)
2H <2‘E;> < ) F H ™ 91INg

A———\1/¢
By = arc sin (B"‘O,VAC /- ¢m0>

Bmm,VAC

and erfc(x) 1is the complementary error function.

(3.88)

(3.89)

(3.90)

(3.91)

Though these assumptions may not be as appropriate for the losses from
the HOT* population, because the slope of the distribution is very different
on the boundary with the COLD region compared with the boundary of the loss
cone, they have been used at this time. The flow from the HOT* distribution
should be a second order effect on the performance of the test cell compared

with the losses from the HOT's so that the error made by using this model

shoula be small. The fraction of HOT*'s flowing into the COLD population is

taken to be

2.0 - erfc (XlHS) - erfc (X

) 2Hs
VX, HSC 2.0 - erfc (X1HS)

C

where

1/2
3 Hng
X = cosS (e* - e* )
THS 2 Fﬁ INJ
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1/2 1/2
Y - > Flng x g% (3.94)
Hs =l = - — cos (e* - eINJ) .
2 2 TF 2 B%
¥ ¥
8o un T\

8* = arc sin > (3.95)

B

CHOKE

The fraction flowing into the loss cone is CVX,HSL =1.0 - CVX,HSC'

Finally, note that the Fokker-Planck velocity space model does not
distinguish between HOT* and COLD trapped particies in the central cell.
Instead there are just three classes of particles, HOT mirror trapped in the
test cell, WARM mirror trapped in the central cell, and COLD passing particles
which are electrostatically trapped and exist in the entire device. The
somewhat artificial distinctions made in the TMRBAR models are necessitated by
the passing density formulas which map the density of passing ions in each
region of the end cell from a Maxwellian distribution ir the central cell.

3.8. Plasma and First Wall Radii

The plasma radius in the test cell is calculated by mapping the plasma
flux bundle from the central cell as

12
B (1-3)"¢ /
rooo= o | —CaVAC ¢ (3.96)
MOD C B (] _ B—)W *
m0 ,VAC o
where
B. = B, y/{y + 2) (3.97)
Boo = Brg Y/ (¥ +2) (3.98)
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andy = 4 for a quartic radial profile. The test cell first wall is taken to
be two alpha Larmor radii from the edge of the plasma so that the first wall
radius is

= rop * F— (3.99)

r
MOD,FW MOD m0 , VAC

4. CENTRAL CELL AND END CELL EQUATIONS

Operation of a beam driven test cell in the central cell of a tandem
mirror device changes the plasma physics parameters in the entire machine.
While the trends in test cell performance can be predicted to a certain extent
based on simple arguments (wall loading at fixed beta and test cell
confinement is proportional to trapped beam current etc.), the aspects of the
tandem mirror physics which most often 1imit the achievable performance of a
particular configuration concern the central cell particle and energy balances
and the special end cell physics constraints. When the test cell is to be
inserted into a particular device as an upgrade, the maximum capabilities of
the end cell systems can be the dominating factor limiting the achievable test
cell performance. For these reasons, modeling of the effects of test cell
operation on the remainder of the device has been done in parallel with the
test cell modeling.

The changes in the physics models of the central cell and end cells
which are required when a test cell is operated in the device are described
below. Rather than present all of the models for these regions only those
which require changes to take into account test cell effects are given. The
complete description of the original TMRBAR models is given in Ref. 1 with
recent improvements to be presented in a separate report.(z) Parameters
which are not explicitly described in this report may be assumed to be of the
form given in Ref. 1.

4.1. Global Charge Neutrality

Global charge balance is achieved in the models by setting the net loss
rates of ions and electrons from the device equal. Steady state is achieved
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by specifying a neutral particle source rate equal to the loss rate.

When a

test cell is operated in the device part of the trapped beam current in the

test cell contributes to fuel the COLD population in the remainder of the

device. The charge balance equation used to obtain b takes the form

Teorn * Ttrant * Ong ¥ IoT.ne0 ¥ Turnn !

The jon burn-up term containing test cell effects is

_q 1 [ 2
Tsurne = 7000 Vee 7 ["H GvED Vuon/Vee

* (“ﬁ)z <°V(E—ﬁ)>H]

TRANZ ~

0

(4.

(4.

Ion and electron particle losses from the device are given by ITRAN] and

I1RaNgs respectively. For ions

where

-9 :
ITRAN] * 3000 [TPTR1 + TPTRZ + TPTR3 + TPTR4]

TPTR1 =n_n__ (V__ - N

¢ ec cc 1MOD)/(m)CI

TPTR2 = n_ exp (-¢m0/TC) Mo VMOD/(nT)CI
TPTR3 = nf o (Voo = Viyop) CVX,HSL/(m);i
ThE n -
* " Mec ( cc VMOD)/(HT)i1
= * * * *
TPTRA = & mem Yyop Cux wst/ (M5 + 18 N Vyop/ (M35
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The coefficient C =1.0-2C see £g. (3.92)]. The confinement
Luxghse = 107 Cuxgnse (
par ameters ("T)ii and (nT)ei are given in Egs. (3.74) and

(3.75), respectively. The parameter (nt);p is the total particle
confinement for COLD ions defined as

[0, -
CI TnT)CR (n

.0

) Tlea

(4.8)

where (ﬂT)CR amd (n-r)cA are the radial (drift pump in the transition)

and axial (Pastukhov) confinement parameters. The electron term is

. Q4 2 ]
ANz = 1000 ["ec (Vee = Vmop)/ (M),

! ol v /()1 (4.9)

e m VMOD cem]

where (nT)Ce is the axial (Pastukhov) confinement parameter for central

cell electrons and (m)Cem the corresponding parameter for electrons in

the test cell given by

d t o
(7)cen = (Mg | 52| 220 Lopg/Tec (4.10)

The remaining terms in Eq. (4.1) are unchanged from Ref. 1.

4,7. Electron Power Balance

The electron power balance changes dramatically when a test cell is

added in a tandem mirror device. Drag of the hot ion components on the

Maxwellian electron background typically produces the dominant power sources
for the electrons. The power balance equation becomes

Pecia * Pei * Pe stosH t Pe,anc * Pe,Fus T Pe,TRAN

+ P - P

echs - Perem = O (4.11)

Two of the terms in Eq. (4.11) contain changes which are independent of

the test cell modeling. The power transferred to the central cell electrons

from ECRH heating at the barrier point PECHB is now taken to be only the

drag power from hot electron drag on cold passing electrons. The
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bremsstrahlung power radiated from the electron plasma is given by

P . Both of these terms will be described in detail in a separate
BREM (2)

The dominant term in Eq. (4.11) for test cell configurations is the

electron ion drag term Pei'

report.

The equation is

_ .9 -
Poi = Togg [TEEIO + TEEIT + TEEI2 + TEEI3 + TEEI4] (4.12)
where
TEEIO =n n V. (3T -371 /() (4.13)
c 'ec 'cc ‘2 '¢ T 7 ec ei )
) — 3
TEELT = nyne Vyop (B - 3 Tec)/(m)He (4.14)
TEEIZ = 1. C ER _ 31y 2.8/(n0) (4.15)
c ‘a ec cc ‘2 a,AVG 2 ec’ ei
B — 3
TEEI3 = nfn_ (Voo - Vo) (ER - 5 T/ (nT) gy (4.16)
) — 3
TEEL4 = nf n - Voo (ER - 3 Tec)/(nr)81 (4.17)

Equations (4.13) to (4.17) describe COLD ion drag on electrons in the central
cell, HOT ion drag on electrons in the test cell, warm alpha drag on electrons
in the central cell, and HOT* ion drag on electrons in the central cell,
respectively. The confinement parameter inT)He is defined in Eq. (3.40).

The term (nT)ei is the electron ion drag parameter for the central cell.
Strictly speaking, Eqs. (4.13) and (4.15) shoulo be broken into two terms each
to take into account effects of the potential ¢ , in the test cell. This

will be aone in a future upgrade of the code.

The term describing energy given to electrons from fusion alpha slowing
down takes the form
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P o FUS =-ﬂ§ﬁ5 [PF1 + PF2 + PF3)] (4.18)
where
177
PF1 = T "¢ <OV(TC)> UDT,OL foz,e VCC (4.19)
L, 12
PF2 = 7 ny (ovE Dy Upr o Fooem VioD (4.20)

PF3 = } (nﬁ)z CVER DY Ut g Fae Vee (4.21)

The terms due to HOT-HOT fusions and HOT*-HOT* fusions are given in Eqs. (4.20)
anda (4.21), respectively.

The fractions of hot alpha energy given to electrons
in the central cell and test cell, f

a,e and fa,em respectively, are
described in Sec. 5.3.
Finally the power lost when electrons are lost from the device takes the
form
= 9
Pe,TRAN Toog LTEETR1 + TEETR2] (4.22)
where

.2

TEETRT = ng o (Voo = Vygp) (6o * T /() (4.23)
Y

TEETRZ = n' Voo (8 * 6.0 + T, )/ (nT) o (4.24)

and the confinement parameter (nr)cem is given in Eq. (4.10).

4.3. Ion Power Balance

This section describes the power balance for the COLD Maxwellian ions in
the central cell. The power balances for the hot ions in the central cell and
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test cell regions are described in Secs. 3.6 ana 3.3, respectively. When a
test cell is operated in the device the COLD ion power balance includes source
terms describing energy transfer between the hot populations and the COLD ions
as well as power convected into the Maxwellian cistribution by particles
crossing the boundaries in velocity space with energy above the COLD ion
temperature.

The power balance equation takes the form

PBURN + PICRH + PH + PHS + PHC - PHEO - PAX - Pie - PRAD =0 (4.25)
Typically the dominant source terms are the hot ion-cold ion energy transfer

term Pii and the convection terms PHS and PHC from the HOT* and HOT

populations, respectively. The energy transfer term takes the form

=9
Pii 000 (TG + TG2 + TG3] (4.26)
where
— 3 A
TG1 = ny n_ exp (-¢"0/TC) Vvop (EH -5 TC)/(nT)HC (4.27)
" = 3
162 = n¥ n_ ( cc " VMOD) (Eﬁ - = TC)/(nT)SC (4.28)
- == 3
TG3 = nxn_Vyoo (Ef - 5 T/ (nt)e, (4.29)

The confinement parameters (ﬂT)HC and (nr)SC are given by Egs. (3.42)

and (3.79), respectively. The power source due to convection from the HOT
population is

.9 T 3
PHC = 1000 "W "em VMop Cvx ne (7 T/ (ntlpe (4.30)
where (n-c)PC is defined in Eq. (3.37), and the fraction of HOT particles

flowing into the HOT* population is defined in Eq. (3.87). This model assumes
that the HOT particles crossing the boundary into the COLD region carry an
average energy of 3/2 T..
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Another model is available which assumes that the HOT particles carry an
average energy of ¢ into the HOT* distribution to follow changes in the
artificial boundary between the HOT*'s and COLD's with - In this case
Eq. (4.30) is replaced by

=9 .

Puc = 1000 " "em VMoo (EL,roT 7 ®c Cux,mms)/(MTlpc (4.31)
where the average loss energy of the HOT's is given by Eq. (3.30). To
conserve the total energy flowing out of the HOT population the average
injection energy for the HOT* class must be modified when Eq. (4.31) is used.
In this model Eg. (3.72) is replaced by

B¥) = 0 (4.32)

Finally, the power source to the COLD population from convection of HOT*
particles is given by

=_9g -
Pus = 1000 | "8 Mec (Vee = Ymon) Cux,msc/ (M) E;

N | 3
0 Nem Ymop Cux,nsc/ (MR 7 Te (4.33)

*
where the confinement parameter (n1)81 is given in Eq. (3.75).
The other terms in Eq. (4.25) which include test cell effects are the
hot alpha heating term PBURN’ the radial loss term PRAD’ and the axial

loss term PAX' The heating of the COLD population by fusion alphas produced
in HOT-HOT ana HOT*-HOT* reactions is given by

- _9
where
TBO = % nE ov(Tcx> Ey Ve (4.35)
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1 2 m
181 = 7 g V(gD Upt.o FacoLo Voo (4.36)
] 7
182 = 7 (nf)” VB Dy Upr,q fo,cotp Vec (4.37)
and
By = UpTog Tayq = (90437 (4.38)

Expressions for the fractions of alpha energy going to COLD ions in the
central cell and test cell fa,i’ fa,COLD will be presented in

Sec. 5.3. Strictly speaking the contributions from Eqs. (4.35) and (4.37)
should be broken into two parts, one from the test cell and the other from the
remainder of the central cell, taking intc account both the test cell
potential and the changes in the alpha energy fractions. These effects will
be included in the next upgrade of the coce mode .

The radial power loss due drift pumping of cold trapped ions in the
transition region is

.9
Prap = Tooo LPCRY + PCR2] f T (4.39)
where
PCRT = n_n o (Vo = Vygp)/ (g (4.40)
PCRZ = n_exp (~0,/T ) ngr Voo (") er (4.41)

The product fEL TC gives the average energy of the particles which are
pumped out of the transition region. The coefficient fEL is an empirical
parameter taken to be 2/3 for most of the studies so far. The effect of the.
test cell on the calculation of the radia' confinement parameter (n-r)CR is
presented in Sec. 4.4.

-30-



Finally, the axial power loss from the COLD ions is given by

Pay = Togg [PCA1 + PCA2] (9. + T.) (4.42)
where

PCA1 = Ne Nec (Vcc - VMOD)/(nT)CA (4.43)

PCAZ = n. exp (-¢"0/TC) Mo VMOD/(nT)CA (4.44)

In this case the particles which can escape beyond the potential peak have
energy equal to b * TC.

4.4, Radial Confinement Parameter

The original formulation of the radial confinement parameter (nT)CR
in TMRBAR 1is not easily acaptable to test cell configurations. Instead,
(rn)CR has been defined directly in terms of the trapping current of COLD
jons in the transition region. The assumption is made that the trapping
current calculated from the Futch-Lodestro formula(B) is equal to the
current which is pumped out by the drift pump coils so that the radial
confinement parameter is

_ 9 -
(m)cr = Toog [ENCRT + ENCRZ 1/ Lqpnp (4.45)
where
ENCRT = n_n__ (V.. - Vyop) (4.46)
ENCRZ = n_nexp (-o,.6/T ) Vyop (4.47)

and Itppp 1s the net trapping current of COLD ions in the transition. This

detinition is consistent with the radial and axial power loss terms Eq. (4.39)
and (4.42).

-31-



4.5. Central Cell Density

The central cell adensity is calculated from the equation for central
cell beta. The allowable central celi beta input to the model depends on the
test cell beta and the relative lengths of the test cell and central cell.
The MHD stability calculations for the studies performed so far(3’4)
that differences in these relative lengths can have a dramatic impact on the

beta limits. In general, since the total MHD drve in the central cell region

show

which can be stabilized by the end cells is a pressure weighted normal
curvature, bad curvature regions in the test cel  require that as test cell
B increases, central cell g8 decreases. For each calculation the B

values are fixed at a point which is MHD stab'e znd the central cell density
is calculated from

Z

B
_t2 PCLvAC
n. = [Bc -?ﬁa__-- (Py+ P Moy (4.48)
where
Py = 0.667 ny BEX + nx Tec (4.49)
, 10 N L3/2 ("ﬁ)z
P, = 8.3 x 10 <§v (Eﬁ[>H Tec UpT.n fae v (4.50)
a 10 i 3¢
TSUM - Tc 8.3 x 10 <§V (1CX> Tem UDT,a fae
tTane Gyt (10200 ) T (4.51)

Equation (4.49) gives the central cell pressure due to HOT* jons and Eq. (4.50)
gives the added central cell hot alpha pressure due to HOT*-HOT* fusion
reactions. Equation (4.51) includes COLD ions, hot alphas due to COLD-COLD
fusion reactions, warm alphas, and electrons, The average alpha temperature

is given by Eq. (3.13), Uyy = 3.52 x 107 keV anc f, e i descrived in

Sec. 5.3,



4.6. Alpha Particle Balance

The total current of alpha particles produced in fusion reactions, which
must be removed by the drift pump system to achieve steady state, is given by

=9 -
Ltor =000 Lot * le2 * le3 * Lead - Ty neo

where

12
Iev =70 <§V(Tcx> (Vee = Ywon! frart

] 2 | P
oo = 7 Ing exp (-6p0/T )] <§V(1cl> Ymon FrarT

_ 1 2 m
¢3= 7 (p)° oV (B4 Vyap Toarr

R 7 _
Teq =7 ()" (ov (B Dy Ve fpapt

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

The fractions of alpha particles remaining in the core plasma in the test cell
m . . .

and central cell, fPART and fPART respectively, are described in Sec. 5.3.

Setting Eq. (4.52) equal to the Futch-Lodestro formula for the trapping current

of alphas in the transition yields an equation which is solved for ga in the

transition, where for species k

_ "pass,k T "TRAP,K
TPASS, k

9k

Note that the alphas in the transition are assumed to be at the COLD ion
temperature TC rather than Ta AVG since they do not interact with hot

ions in the ena cells.
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4.7. Cold Fueling by Test Cell Beams

The original TMRBAR models include specificaton of a COLD fueling

current. This is the net input current to the COLD population in the central
cell to balance particle losses. In test cell configurations the neutral beam
current trapped in the test cell plasma is large and some of these particles

scatter and drag in such a way that they qualify as a source to the COLD
distribution. The fueling current calculated by the model becomes

I =1

FUEL = TrueLt * truee2 * o truels - UrueLa

where

-9 1 2
LeyeLr = moo0 (7)) ne (ov (T V

n n n n
_ C ec C em
TeueLe = T&OU[—(_—)_—HT . Vee = Vmon! * Trey— o &P (-0mo/Te) Vyop

FUEL3 ~ IDT,neo

_Qq I UE—
TrugLa = TUGU[“H Nem Cvx e Ymop/ (Mpc

* -
' nH nec CVX,HSC (Vcc VMOD)/(HT)Ej

" Mem Cx,nsc Ymop/ ()%

(4.58)

(4.59)

(4.60)

(4.61)

(4.62)

The calculation of the neoclassical loss current in Eg. (4.61) is not affected
by the test cell and is described in detail in Ref. 1. Note that Eq. (4.58)

can yield either a positive or negative COLD fueling current requirement.
Positive IFUEL indicates that a supplementary fueling system (pellet

injector, Tow energy neutral beam system etc.} ‘s required to achieve the
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steady state central cell density which has been calculated. Negative IFUEL
indicates an unphysical imbalance of the COLD ion flow rates since there are
more particles entering the COLD population than are being lost. This can
usually be remedied with the code model by lowering the test cell beta or
lowering the axial confinement parameter (nT)CA.

5. AUXILIARY MODELS

Several additional models are needed to complete the description of
tandem mirror test-cell configurations. Calculations which are described
below include the charge exchange model for the test-cell neutral beam
injection, fusion reaction rate parameters <oV>y for the hot mirror
trapped ion distributions in the test cell and central cell, fractions of the
alpha particle current and energy flux deposited in the halo and to the
various ion species and electrons, and modifications to the direct converter
model to take into account axial loss of HOT* jons.

5.1. Charge Exchange Model

Charge exchange and reionization of the neutral beam particles in the
test cell region is included in the calculation of the required neutral beam
current delivered. Calculations of the charge exchange current and the beam
penetration current are done using analysis by Carlson and Hami]ton.(g) The
fractional charge exchange currents with and without the penetration current,
as functions of beam injection energy are shown in Figs. 3 and 4. The plasma
attenuation parameter is given by

Y = er/XT

where rp is the plasma radius and AT is the total mean free path for the
injected neutral taking into account both ionization and charge exchange. The
curves in Figs. 3 and 4 are input to the computer model by way of data
statements. A two-dimensional linear interpolation is done to obtain the
fractions for arbitrary energy and attenuation parameter. If y is greater
than 5.0 the model uses the analytic form originally given by Hovingh and

Moir.(]o)
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Fig. 3. Charge exchange (ICX) plus penetration (Ip) current normalized to

total delivered current (IO) as a function of plasma ion energy for various
attenuation lengths y (from Ref. 9).
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Fig. 4. Charge exchange current (ch) normalized to total delivered current

(Iy) as a function of plasma jon energy for various attenuation lengths y

(from Ref. 9).
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cx (0V>
_CXx . -e M .
I CX <ov> (] e exp [ % <gVv> ] (5.1)
0 T
where
<OgV> .
— 1. g.188 g9-29 (5.2)
<gVv> 0
T
<OoV> <gv>
2. (5.3)
<0v>.[ <ov>T
and
(2 \=F
Fo ~ (5—5) EIng (5.4)

The coefficient fCx has been adjusted so that the analytical formula gives
the same results as the two-dimensional interpolation routines when vy
approaches 5.0. The studies so far have used fc( = 0.75.

5.2. Hot Ion <ov>, Parameters

H

The fusion reaction rate parameters <gv>y for the HOT particles in
the test cell and the HOT*'s in the central cell have been calculated by Marx
et a].(1]) The curves of <gv>,, as functions of the ion average energy
for mirror ratios of 3 and 5 are shown in Fig. 5. The data for Rm = 3 has
been used in the studies so far. The curve is input to the computer model in
data statements and a linear interpolation is used toc obtain <cv(E)>H

for arbitrary energy.

5.3. Alpha Particle and Energy Coefficients

The models presented in previous sections include several terms which
describe both hot and thermal alpha effects in the test cell and central
cell. Two auxiliary models are required to calculate the coefficients in
these terms. The first model determines the fractions of alpha particles and
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alpha energy which are deposited in the halo in the test cell and central cell.
The second calculation determines fractions of alpha energy transferred to the
jon species and electrons during slowing down.

The model of alpha deposition in the halo will be presented in detail in
a separate report.(z) It includes effects due to alphas passing through the
halo as well as non-adiabatic losses. The terms aue to alphas passing through
the halo are calculated separately for the test cell ana central cell because
they depend on the plasma radius and the magnetic field. The enhancement of
the alpha loss cone due to non-adiabatic effects depends on the electron
density which is much larger in the test cell than in the central cell.
Combining these effects yields coefficients fy,, -, fENERGY’ ngRT’
ngERGY giving the fractions of alpha particles ana energy which remain
in the core plasma for the central cell and test cell, respectively.

The energy balances require fractions of hot alpha energy deposited in
the ion populations and to electrons during slowing down. The fraction of hot

alpha energy given to elections is given by

fOL o ” 0.88155 exp (- Tec/67.4036) (5.5)

]

The available fractions of the total alpha power produced in the test cell and
central cell are

_ m
fa,em ) fa,e fENERGY (5.6)

a.ec - To,e TENERGY

respectively. The available fractions for ions in the central cell are

fa i nc
f = 2 (5.8)
a,COLD n + n.
f . n*
f - gl M (5.9)
a,HOT* Znﬁ + nci '
for the COLD and HOT* ions respectively, where
fa’1 = (1.0 - fa,e) fENERGY (5.10)
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Similarly in the test cell

m - €M - T 1
fo,coun = fa,i Nc &P (opp/T )/a (5.11)
m m .

= 5.12
faHoT = o, ™/ (5.12)
m = f1  n* .1
O vore = Toi M/ (5.13)

for the COLD, HOT, and HOT* ions respectively where
d=n,+ nﬁ t n_exp ('¢mO/Tc) (5.14)
and

_ m
fayi = 00 = Fy em) TEneReY (5.15)

5.4. Direct Converter Heat Flux

In test cell confiqurations there may be appreciable axial loss of HOT*
ions into the direct converter region. The additional particle flux into the
direct converter is given by

.9
Lo+ = Togg LTPTR3 + TPTR4] (5.16)

where

TPTR3

C

" "ec Suxmst (Yee ™ Vmon?/ (Mg

F T (V- V) /()

ec ' cc i (5.17)
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TPTRA = ng nor Cux wse Vmoo/ (M5

O N VMOD/(nT)ﬁi (5.18)

* *
where the confinement parameters (nT)ii and (n-r)91 are defined
in Egs. (3.74) and (3.75), respectively, and the convection coefficient

CVX,HSL = 1.0 - CVX,HSC [see Eq. (3.92)]. The additional energy flux to

the inner collector is given by

Hie = (1.0 - o) Tygre (00 * 0 + EF yo7) (5.19)
and to the halo scraper

;
_ — ec
Hhis = Fus ThoTs <¢c YEE ot m) (5.20)

where fHS is the fraction of the particle end loss which hits the halo

scraper.
6. USER'S GUIDE

The test cell models described above have been incorporated in the
TMRBAR tandem mirror reactor physics code. A brief guide to running test cell
cases is presented below. Some familiarity with operation of the standard
TMRBAR code 1is assumed.

Test cell cases typically require more computer time than standard
TMRBAR runs primarily because the number of physics balance equations to be
solved is larger. In addition, the character of the device is very different
when a test cell is used. Standard TMRBAR cases describe devices which are
ignited so that solving the power balances for electrons and ions depends
critically on the amount of alpha power which is deposited to these species.
For test cell configurations the alpha production outside the test cell is
usually much lower and the dominating terms in tne central cell power balances

are the drag terms from the hot ion species. Therefore, when running test
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cell cases care must be taken to begin with initial values for the test cell
parameters which are near the final solution. Of the central cell parameters,
initial values for the electron temperature and the potential ratios

Ne = q’e/Tec’
results will be sensitive to the test cell and central cell beta values,

= = i . inally, the
n. ¢C/TC, and Ny ¢b/Tec are the most important. Finally

especially BTC’ so that solutions may not be obtainable for wide ranges of
BTC and Bc'

Before proceeding to brief descriptions ot the revised input and output
files for the test cell model runs a short description of the present
structure of the TMRBAR algorithm is required. Further details will be given
in a separate report.(z) The code presently solves the N non-linear physics
equations (in N unknowns) which describe the device simultaneously using a
non-1inear equation solving library routine. Tandem mirror reactor cases use
N = 14. Devices with test ceil inserts are gescribed by 20 equations. The
1ibrary routine attempts to minimize the vector ngik) where, at the kth
iteration

(6.1)

and F(X) = 0 defines the normalized solution vector X for the physics
equations. In Eq. (6.1) R is a diagonal matrix of normalization constants set
to make 0.1 < RCJ(E]),5 1.0 for j = 1,N. The independent variable

vector is also normalized so that 0.1 < X} < 1.0 for 3 = 1,N. Some

care must be given to proper choice of normalization constants for the
components of X. Some of the more important normalization constants may be
set by input as described below. The normalizations for RC(X) are fixed 1in

the code.

6.1. Input Requirements

A sample input file from a typical code run for MFTF-o+T parameters is
given in Fig. 6. Test cell cases require two additional namelist input
sections compared with standard TMRBAR runs, The first additional namelist
(third namelist in the input file) contains the test cell configuration
parameters, initial values for the independent variables, test cell fixed
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nruns=1 nout=3 ntype=2 nbetac=D inputopt=D iblgtopt=D

icoast=D iselect=1 eps¥cn=1.e-5 ¥actor=0.02 ftol=l.e-10
ifield=1 ipot=2 ipro¥=D iegfil=""egc80" icln=D
]
tc=15.0 tec=6.2 betac=0.60 betap=D.E betab=.60
rpvac=l,
clength=12.e2 xprofile=4.0
etab=6.0 etac=1.80 etae=6.5 etaap=2.2 etapi=1.80 etamp=2.2
@injp=150. ein jap=200. pmass=2.0 amass=2. rifac=l.S5
10 xkp=2.004e-22 xka=3.898e-21 xksync=3.303e-20
11 xkmuas?.479¢-22 xkmub=2.344e-22
12 epsilon=1.0e-12 slosh=1.5 fec=D.03 xjsecu=0.00
13 rfuw=0.0 betfac=1.0 bet00=0.0 cbet00=0.0 x1cc0=0.0
14 ftherm=0.223 bcestab=D. nrho=D ranrc=0. betacmx=0.8
15 eliptbsS. numrho=0 pendis=0. bresr=0. rcurv=0. x1ring=0.
16 iphys=1 ifec=D ibvacb=0 calph=0.005 etat=2.88
17 nnewax=1 xexp=1l. fioniz=1.2 inocxp=l pex=0.7 ntdfbal=2
18 epump=50. elaxic=2.e2 x1ilg=1.70 bigg=3.70 x1ilgph=1.38
19 bbara=21. bbarb=17.3 iinside=1 thinjp=30. ililgpb=l
20 iefold=D nefolds=S ipump=0 eliptp=31. icohen=0 isteu=D
21 selalp=l. entauca=9.0el3 crf=1. h00=1.326 necrh=2 isolpc=0
22 elcoe#=0.667 eloss=400. rchoke=5.846 rres=1.4 chokgap=0.
23 8
24 betaanc=.6 amanc=2.
-

VONNANLGUN

26 noutm=3 nm=10 waxcal=200 iprinte=l ifailm=1
27 enmhot0=7.0el14 enmhott=4.9¢14 phim0=8.0 phimt=8.5
28 betmt=0.2 batpla=5.0 emhotbar=40. elmhot=29. radmed=1S5.
29 stepmx=1.€6 einjm=60. elmod=280. betan0=0.460 bmOvac=4.5
30 bemvac=12.0 thetam=75.0 alphat=1.0 betahat=1. adtm=2.5
31 gammam=2. elhoth=12. eps=1l.e—4 enhotstr=3.0el3 emstrbar=38.
32 fenu=1.0 ftol=1l.e-10 iquit=0
33 ein jh=28. reffh=8.4 rmcff=2.6 fracnbe=0.0 delta=l.e—6
34 imtype=2 fgrant=0. rbeam=5. i jong=0 ¢ j1=0.12 ¢ j2=0.2 icxmod=1
35 eps2=0.1 tewset=0. fcset=0. imout=l ifluxin=1
36 trpcoefl=1.2 trpcoef2=l.4 calcfl=3.7 calcf2=0.28 ntaucrst=l
37 ¥ntaupc=1.50 fntaupcc=1.5 isoltc=0 ifuelc=0 itrmhs=0 ihcfrac=0
38 calnra=200. scalemod=1.305 iparengy=0 itatrap=1 enhotnrm=5.el3
ig ictoff=0 iteechb=l ieinjh=1 tecnrm=10. tcnrm=0.
-
41 elacell=400. eltran=650. xlmira=270. bvaclc=1.6
42 bbar=18. buvaclt=2.7 bmanc=4.8 bOanc=2.6 bvaclp=S.
43 bvacOb=2. bvacma=4.8 chokgap=3.

44 8
45 scalelm=2.
46 -3

Fig. 6. Input file for the TMRBAR code calculation of the MFTF-o+T benchmark
case (see Sec. 7.0).
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physics parameters (e.g., BTC’ EINJ’ etc.), and many variables which act as
switches during the code run to select the model options to be used. The
detault options are always selected by setting the switch parameter to zero.
Default normalizations are used if the normalization constants are set to
zero. The test cell models are engaged by setting NTDFBAL = 2. The available
options are described in Appendix A.

The second additional namelist which may be included when running test
cell cases gives magnetic field values at the device cardinal points and
lengths of regions in the MARS-Tike end cell. This namelist is only engaged
when NTDFBAL = 2 and IFLUXIN = 1. Current TMRBAR runs read magnetic field
data from a binary input file generated by the EFFI magnetic field

code.(]z)

In test cell cases for which there is no corresponding EFFI
generated file available (e.g., in the MFTF-a+T study recently) an arbitrary
EFFI file for another device must be used anc the values then overwritten by
the values input in the TFLUXIN field information namelist. This procedure
will be streamlined in a future upgrade of the test cell code. For
comparison, a sample input file describing FPD-II+T, for which there was a

corresponaing EFF1 generated input file, is g¢iven in Fig. 7.
6.2. Output File

The output file generated from a test celi run is similar to the
standard TMRBAR output file. Because it is frequently more difficult to get
convergence for test cell cases, an option has been added which writes to the

output file the value of
N2k Ve
RCNRM = | > RCS (X )]
i=1

at each iteration k. This option is engaged when NTDFBAL = 2 and IMOUT # O.
The test cell results are given at the end of the standard TMRBAR output in a
similar format. Finally, a summary list of test cell and central cell
parameters is printed in a verticle column at the very end of the output

file. Using the COLUMN1 option in NETOUT puts this column of parameter values
on a separate sheet from which it can be copied to form tables of parameters
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nrans=1l nout=3 ntype™2 nbetac=l inputopt=D iblgtopt=D

dcoast=l ipot=2 iprof=D iselect=l epsfcn=l.eS ¥factor=D.02
¥tol=1.¢-8 ifield=l iegfil="egcBD" iclnmD ineutrorn=2

tca24.9 tec=1S. betac=.3E betap=0.2475 betab=.45
rpvac=l. pmass=2.0 amass=2.
clength=50.62 xprofile=4.0
atabi5.8 etac=3.0 etae"E.8 etaap=1.55 etapi=1.2 etamp=1.4
einjp=300. einjap=260. rtfac=l.S
xkp=2.004e-22 xka=3.898e21 xksync=3.303e-20
xknua=7.479e-22 xknub=2.344e-22
epsilon=l1.0e-12 slosh=1.3 fec=0.03 x jsecv=D.00
rfu=0.0 betfac=1.0 bet00=0.0 cbet00=0.0 x1ccO=0.D
fthera=0.223 bcestab=D. mrho=D ranrc=D. betacax=0.B
eliptba5. numrho=D pendis=D. bresr=0. rcurv=D. xlring=0.
iphys=1 ifec=0 ibvacb=0 <alph=0.D2 etat=2.3
nnmewax=1 ntdfbal=2 epump=50. elaxic=2,e2
bbara=21. bbarb=17.3 x1ilg=2.3 bigg=4.3 x1ilgpb=1.38
fioniz=1.2 pex=0.7 iinside=1 thinjp=30. ililgpb=1

ie¥01d=D nefolds=S ipump=D eliptp=31. icohen=0 isteu=0 inocxp=1

selalp=l. xexp=l. entauca=3.07el14 crf=1. h00=1.68 necrh=2
elcoe¥=D.667 rchoke=1%4. rres=1.4 chokgap=-1. isolpc=0
s

betaanc=.4D amanc=2.

nouta=3 nm=l1l0 maxcal=20D0 iprintm=1l ifailm=1

ennhot(0=5.0e14 enmhott=4.Del4 phimb=17 phint=8.5

beimt=0.2 bmtpla=S5.0 emhotbar=65. elmhots52 radmod=35.
stepux=l.e6 einjm=75. elmod=750. betam0=0.475 balvac=4.69
bmavac=14.85 thetam=80.0 alphat=1.0 betahat=1l. adtm=2.5
gamman=4.0 elhoth=20 eps=1.0e¢-B enhotstr=4.5¢12 emstrbar=55,
fenu=l1l.0 fiol=l.e-9 iquit=D

ein jh=2B. reffh=8.4 rmeff=2.%5 fracnbe=0.0 delta=l.e—6
imtype=2 fgrant=0. rbeams5. ijong=0 ¢ ji=0.12 cj2=0.2 icxmod=1
eps2=0.1 tewset=0. fcset=D. imout=1 Lfluxin=0

trpcoefl=1.2 trpcoef2=1.4 calcfl=3.7 calcf2=0.28 ntaucrst=0
ictoff=D Fntoupe=l.S Fntaupce=1.5 isoltc=2 itrmhs=0 ihcfrac=0

calnrm=30. scalemod=1.805 ipoerengy=0 itotrap=l enhotnrm=5.e13
8

scalelm=2.

Fig. 7. Input file for a typical TMRBAR :ode calculation of parameters for
FPO-II+T (see Ref. 4},
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for quick comparison of different code results. This became a valuable
procedure during optimization studies of test cell performance over wide
ranges of design parameters.

6.3. Comments on Running

A user's guide isn't complete without a 1ittle "hands on" experience
from a previous user. The test cell code is admittedly not very user friendly
at this writing. When difficulties arise the following general principles may
be useful. First, use the debug utility DDT to monitor the progress of the
code run until several successful runs are obtained which scope out the range
of parameter space in which there are solutions. Using SUB = FCN in DDT and
monitoring the values of RC(1) to RC(20) will show how the convergence is
progressing. Runaway cases can usually be detected by monitoring TC, TECU,

EINGM, XLILG, and EMHOTBAR corresponding to variables TC, Tec’ EINJ’ g,
and Ey. Finally, if different initial guesses of the independent variables
are being tried to get a case to converge, the general rule-of-thumb is to
start with temperatures and potentials in the central cell and end cells which
are slightly higher than the expected results. This seems to help the
convergence process, possibly because the starting point represents a system
with better confinement than the solution and thereby reduces the chances of

runaway solutions.
7. BENCHMARK CASE

The test cell models incorporated in the TMRBAR code have been
benchmarked(3) against calculations done for MFTF-a+T.(13) In
particular, the operating parameters for MFTF-a+T in the High-T (wall
loading) mode have been calculated with the code model and compared with the
reference values. In general the agreement is quite good and this verifies
the accuracy of the code model. Specific differences between the code results
and the reference values can be explained in terms ¢f mmproved physics

understanding of test-cell operation in tandem mirror aevices which has
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occurred since the reference calculations were done. These points are
described in aetail in Ref. 3.

For this report a new benchmark case has been obtained using a different
set of constraints than the case in Ref. 3. Aga'n, the parameters from the
reference calculation for MFTF-g+T in High-T niode are given in Table 1.

The new results from the code model are given in Table 2. For this benchmark
case the mirror-to-mirror and plasma effective lengths, peak and midplane on
axis magnetic field vaiues, peak and volume averaged peta values, and the
plasma radius at the cardinal points usec oy the mode!s were the same as the
reference values in both the test cell anc the remaincer of the device. In
addition, the COLD ion temperature and the test ell average injection energy
have been fixed at the reference values. iNotle hat in Ref. 3

the test cell trapped current wac fixed tc the reference value and the average
injection energy was varied to gbtain energy talince.  ~inally, the plug ion
confining potential was varied [by varyinr: the a - a! -onfinement parameter
(nr)CA input to the code. to produce an operating poirt for which no
supplemental fueling o~ the central cell woul: 5o required.,

Comparison of the values in Tables anu . showe that with the
constraints used for this benchmark case ‘he present model yields an operating
point with nigher neutror wa'l loading s ok M compared with 2.0 Mw/m2
in the reference calculatior’ bui the requ;reu tct cell neutral beam power 1s
also signiticantly higher (P = 23.7 MW compired with 14,4 MW). As in the

(P .
S NBL T
benchmark calculatior ‘rom ref

i, the zaditions . neuvtre] beam power 15
explained by the fact that direct losses ¢f cent 4l cell particles due to
pitch angle scattering from the HOT* popu ation into The loss cone have been
included in the present models. Whereas the ret-=rence calculation attributed
no particle Josses to th:s mechanism, the ben-hmirk case in Table 2 shows 132 A
Tost from the HOT* distribut on. This combined ~ th the 178 A of ions trapped
in the transition region (pumped out by “he d-it- pump <ystem) and 66 A of
axial loss current from the CQ'.D populat on a‘ccmts “or the required neutral
beam trapped current in the test cell gl .76

The drift pump current requirement ‘s higher ir the present case (178 A
compared with 97 A} because the 5 va'ue obtai ec with the present model

(consistent with the particie, energy anc pot-ntisl calculations for the device
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Table 1. Baseline parameters for MFTF-o+T High-T mode from Ref. 1.

DT Test Cell
Nyor 4.75 x 10 cn3 PEus TC 11.0 MW
Evor 40 keV r 15.0 cm
T, 7 keV FUALL 25.0 cm
o, 47 kv Tre 2.0 MW/l
dc 22 kv Lrrae, 1/ T1c 190 A/240 A
() geaL 2.0 x 108 i3 s P g, TRAP PN 11.4 MW/14.4 MW
<oV iy 6.6 x 10710 cnﬁ/s E};ﬁ; 60 kev
Bdc 8.0 kv ey, 75°
éTC(peak) 0.46

Central Cell
. 1.3 x 10" o3 r. 25.0 cm
Noe 1.6 x 101° cm 3 TWALL 45.0 cm
Mot 3.0 x 103 cu3 Pe 5.9 MW
T, 15.0 keV r 0.14 MW/m°
Tec 7.0 keV Ca Negligible
ﬂf- 20.0 keV e pasT 90.0 A
®ic 30.0 kv {HOT*,PAST 0 A
ec 39.0 kv “FUEL, COLD 0 A
B (peak) 0.60

Anchor
b ASS  ANC 7.75 x 0% e ot AN 400 keV
ToT . ANC 2.4 x 1013 ca3 P L can 1.14 MW (total)

-49.



Table 1. (continued).

Transition
Iraap 97 A Tons:, ¢ 1.2 x 10" cm?
InNEO 3A It 1.7
86, 10 KV Ho 0.333
Plug/Barrier
Moass (D) 3.0 x 107 en? PECRH. b 1.08 MW (total)
n(b) 1.2 x 10" cn3 Pe cRH. 0.12 MW (total)
g 1.7 Tow 60 keV
G 4.0 861, 37 kv
n(a) 2.3 x 103 i3 e, 60 KV
o 475 keV REFFSLOSH 1.62
N5 0sH/ M(b) 3.3
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Table 2.

Baseline parameters for MFTF-o+T High-T' mode from present models.

DT Test Cell

Mot

Enot

TEC

bdrc

BTC(peak)
Central Cell

n
C

n
ec

Pec

Bc(peak)
Anchor

TPASS, ANC

"HOT, ANC

5.85
36.5
5.41
39.3
26.2

x 108 ¢n3

keV

keV

0" ]6 Cm3

/s
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PEus,TC

r
p

"WALL
T1¢

Lipap, ¢/ T1c

Png,Tc/PNB

Erng

81Ny

L PAST

THot*,pAST

LEuEL, coLp

EHOT,ANC

PICRH

16.5 MW
15.0 cm
27.0 cm
2.78 MW/m’
376 A/398 A

22.6 MW/23.9 MW

60.0 keV
759

26.1 cm
59.8 cm
6.66 MM
0.12 Mu/m?
7.1 x 107%
66.3 A
132.0 A

0.0 A

1181 kev

0.707 MW (total)



Table 2. (continued).

Transition
[ rap 178 A Toass. ¢ 4.17 x 10" cm3
InEo 0.79 A 951 1.27
86 18.9 kv Ho 1.13
Plug/Barrier
Mass (b) 1.66 x 10'% cn® PECRH,b 1.50 MW (total)
n(b) 5.43 x 1012 cn3 P CRH 5 0.089 MW (total)
g 1.27 Tew 22.8 keV
G 3.27 80,1, 46.9 kV
n(a) 8.75 x 1012 e 3 8o 63.9 kV
Eel 1339 keV Rere  sLosH 1.40
NSLOSH/n(b) 2.64
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as a whole) is only 1.27. The trapping current strongly depends on the product

2 3/2
Krrap Mass,t/Tc  where

10/3
H

K =
TRap * ST

(see Refs. 1 and 8). Therefore, at fixed TC, even though the present model
finds a lower passing density in the transition (due to the energy cutoff
described in Ref. 3), the trapping current is much larger than in the
reference case because the factor KTRAP is much larger (KTRAP = 53.2 compared
with 4.5).

Finally, the higher wall loading in the present case results from higher
HOT ion density in the test cell. This can be explained by the fact that HOT
ion drag on COLD ions has been included in the present models. This energy
loss mechanism from the HOT population results :n lower HOT ion average energy
(36.5 keV compared with 40 keV) than in the reference case. At fixed test cell
beta this results in higher test cell ion density. In addition, since HOT ion
drag on electrons dominates the electron power balance the electron temperature
is also lower than the reterence value (5.4 keV compared with 7.0 keV). Since
confinement parameters for the HOT particles scale with T2/2 and the required
neutral beam current to the test cell is proportional to n“/(nt), higher test
cell density and lower electron temperature yield much higher beam current
(376 A compared with 190 A) in the present case.

Other differences between the reference values and those given in Table 2
can be explained by the improvements to the physics model in the present
calculation as described in Ref. 3.

8. SUMMARY

This section serves two purposes. First, conclusions are presented for
the test cell modeling which is described in this report and for the benchmark
of the code in which they are implemented. Second, several areas for future
work which have been identified during the development of the current models
are described.
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8.1. Conclusions

Models of the energy and particle balance for a high-field technology
test cell operated in the central cell of a tandem mirror have been
developed. In the models the test cell is treated as a separate subsystem
with potential referenced to the central cell potential. Hot mirror trapped
populations in both the test cell and central cell! regions are considered.
Interactions between these hot particles and the Maxwellian electrons and ions
in the central cell are included. The relative potential at the midplane of
the test cell is calculated consistently from a guasi-neutrality condition.

The particle and energy balances for the HUT mirror trapped ions in the
test cell and the HOT* mirror trapped ions in the central cell are calculated
separately. Both are formulated in terms of a Logan-Rensink plug model for
neutral beam injection into a mirror cell with a potential. The net flow of
particles across the velocity space boundaries separating the different
populationns is crudely modeled.

Hot aipha effects due to alphs born from HUT-HOT reactions and HOT*-HOT*
reactions in the test cell and central cell are included in the particle and
energy balances of all the ion species and the electrons. The current of
alphas from these reactions is also included 'n the alpha particle balance
which affects the drift pumping requirements in the transition and indirectly
the loss rate of DT ions due to drift pumping.

Finally, the balance of ijons for the entire device includes fueling of
the central cell Maxwellian plasma by a fraction of the ions injected into the
test cell region. In addition, the axial! loss ¢f HOT* particles from the
central cell due to pitch angle scattering out of the central cell mirror trap
at energies above the electrostatic confining potential is modeled. The axial
loss of HOT* ions is included in calculations of the heat flux to the
components of the direct converter.

8.2. Future Work

Two major areas for future work have been identified during the course
of developing the test-cell moudels. First, the _ogan-Rensink models used to
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calculate energy balance for the HOT and HOT* particles need to be calibrated
over a range of parameters rather than the single point calibration which has
been available so far. Second, the model of net particle flow across the
bounaaries in velocity space which separate the ion populations needs to be
reformulated in terms of the slope of the distribution on the boundary (or
some model of it) rather than the number of particles on the boundary. These
areas are described in more detail below. Some minor changes have been noted
in this report and others are given below.

Calibration of the Logan-Rensink formulation used in the hot ion models
is required because the Logan-Rensink model does not take into account partial
fi11ing of the loss cone for the hot ions by the background Maxwellian
distribution in the central cell. The single pcint calibration which has been
done so far resulted from comparison of Logan-Rensink predictions with
multi-region Fokker-Planck models of test cell configurations (see Sec. 3.3).
The confinement parameters (nt) in the Logan-Rensink model depend strongly
on the electron temperature and the average injection energy so that some
scaling of the calibration coefficient with these quantities would improve the
moael. In aadition, the confinement results froum Fokker-Planck models are
expected to show some dependence on the amount the loss cone is filled by the
background ions. Since this dependence is not explicitly given in the
Logan-Rensink formulation the effect might be accounted for by having the
calibration coefficient be a function of the COLD density. Work continues in
this area using the HYBRID-II Fokker-Planck codu(]4’]5> to obtain
confinement results over a range of parameters. Typically this code requires
far less computer time than the multi-region Fokker-Planck model.

The improvements which are necessary in the model of particle flow
across velocity space boundaries may require significant effort. At this
point it may be worth considering an alternative approach involving a change
in the categorization of particle populations i+ velocity space. Instead of
separating HOT* jons from COLD trapped particles in the central cell by a
ficticious boundary, the natural model would combine these ions into one class
of central cell WARM trapped particles. This has not been done yet because
the formulas which calculate the density of passing ions in the end cells do

so by mapping from a Maxwellian distribution in the central cell. To model
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the ions in the central cell region for test-cell configurations as a WARM
trapped population would require new mapping formulas for the end cell passing
ions. The development work required for this compared with that required to
improve the flow rate model is a tradeoff under consideration at this time.
Finally, minor changes required in the model have been indicated in
Secs. 3 and 4. Several other model improvements should be added in future
upgrades of the code. The charge exchange model (Sec. 5.1) requires further
adjustment of fcx to produce results which vary smoothly going from the fits
of the data to the analytic model as ypT increases above 5. In addition,
the charge exchange results should be includea in the power balance of the HOT
particles by adding an additional power scurce term to the balance equation
l£g. (3.19)] of the form

TR38 = 1, (Eryg - Eyor) (8.1)

The Logan-Rensink model takes into account only sources to the power balance
from beam particle current equal to the loss current from the mirror cell.
Equation (8.1) represents the power source to the HOT population when a HOT
ion with average energy EH is replaced by a beam particie with average
energy EINJ due to a charge exchange event. A final improvement would be to
develop a model which relates the density-squared effective length

L _ 5 dz n2(z)
eff Z B(z)
"o

required for power balance calculations, with the flux tube effective length

Leff = BO J dz/B(z), for mirror distributions of the type found in the

test cell. The applications studied thus far have used simple scaling
arguments to calculate Leff based on MFTF-o+T results.
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APPENDIX A. TEST CELL CODE OPTIONS

Several options are available in the test-cell version of the TMRBAR
code both for changing the structure of the solution process (e.g., variables
which are fixed vs those which are solved) ana for changing particular aspects
of the models. The options currently in use are described below. Each is
identified by the variable from the input file which acts as a switch to
engage or disengage the option.

A.1. NORMALIZATIONS
The following variables control the normalization of independent

variables in the solution vector X. In each case default normalization
constants are used if the control variable is set to zero.

Switch

variable Description

CALNRM  # 0 Normalization of alpha concentration Ca such that
XC(3) = Ca * CALNRM.

ENHOTNRM # 0 Normalization of HOT* density n%, such that
XC(19) = n//ENHOTNRM.

TECNRM £ 0 Normalization of electron temperature TeC such that
XC(1) = Tec/TECNRM.

TCNRM £0 Normalization of ion temperature TC such that
XC(3) = TC/TCNRM.

PMONRM  # 0 Normalization of test cell potential ¢ 0 such that

XC(16) = &0/ PMONRM.
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A.2. CALCULATION QPTIONS

These switch variables control either the structure of the solution
process or options in the physics model. Default options are obtained by
setting the switch variable equal to zero.

Switch

variable

ISOLTC

ITRMHS
[HCFRAC

TEINJH

[CXMOD

Description

Solve for g (XLILG) with Te {Tc) and EINJ (EINJIM)
fixed by input.

Solve for T_ with g and E; | fixed.

INJ

Solve for EINJ with g and T, fixed.

Include convection model to calculate fractions of HOT anad
HOT* particles which go to COLD population.

Assume that all HOT losses become HOT* particles and all
HOT* losses become COLD particles before being lost from

the device.

Assume HOT losses entering the COLD distribution carry an
average energy of 3/¢ TC.

HOT losses entering the COLD distribution carry average
energy of ¢C.

Include charge exchange loasses of the neutral beam
particles injected into the test cell.

Assume all beam particles delivered to the test cell are
trapped in the plasma.
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NTAUCRST

ICTOFF

ITATRAP

I PARENGY

ITEECHB

Calculate radial confinement parameter ("T)CR from DT
trapping current in the transition region.

Calculate (nr)CR from total current of alphas produced
in the device.

Include the cutoff when O is Tow in passing density
formulas for the end cell regions.

Neglect cutoff in passing density formulas.

Assume alphas trapped in the transition region have
temperature Tc‘

Assume trapped alphas have temperature Ta,AVG'

Calculate fractions of alpha particles and alpha energy
deposited in the halo.

Fix f = 0.70 ana f

PART = 0.95.

ENERGY

Incluae only hot electron drag power from the plug region
in the central cell electron power balance.

Include both drag and scattering power from hot electrons
in central cell electron power balance.
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